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Abstract 


This  study  investigated  the  role  base  cavity  depth  plays  in  altering  the  overall 
subsonic  aerodynamic  forces  on  a  free  spinning  axisymmetric  body  with  wrap-around  fins. 
Wind  tunnel  usage  allowed  the  forces  to  be  monitored  for  varying  base  cavity  depths  and 
angles  of  attack.  A  base  cavity  depth  analysis  was  also  performed  on  a  non-spinning 
axisymmetric  body  for  comparison.  Oil  visualizations  were  conducted  on  the  non-spinning 
configuration  to  further  describe  airflow  patterns  around  the  body  and  within  the  cavity. 
Results  revealed  that  the  aerodynamic  forces,  mostly  drag,  changed  with  increasing  cavity 
depth  but  not  to  the  extent  previously  believed.  The  force  results,  in  conjunction  with  the 
flow  visualizations,  suggested  that  base  cavities  have  very  similar  effects  on  spinning  and 
non-spinning  configurations. 


EFFECTS  OF  BASE  CAVITY  DEPTH  ON  A  FREE  SPINNING  WRAP¬ 


AROUND  FIN  MISSILE  CONFIGURATION 

!♦  Introdoction 


Wrap-around  fins  have  been  employed  on  missile  configurations  quite  extensively 
for  some  time.  Constraints  imposed  by  packaging  requirements  often  degrade  the  missile’s 
performance  capability.  Wrap-around  fins,  which  unfold  after  the  missile  is  clear  of  the 
dispenser,  provide  a  unique  solution  to  the  packaging  problem.  Current  missile  systems 
which  possess  wrap-around  fin  designs  are  the  Army’s  Multiple  Launch  Rocket  System 
(MLRS)  and  the  Hard  Target  Ordinance  Penetrator  (HTOP),  currently  being  developed  at 
Wright  Laboratory’s  Armament  Directorate  (1). 

Wrap-around  fins  are  not  without  their  drawbacks.  It  is  well  known  that  wrap¬ 
around  fins  generate  aerodynamic  anomalies  in  the  form  of  a  roll  moment  at  zero  angle  of 
attack,  a  side  force/moment  at  angle  of  attack  and  a  roll  reversal  through  Mach  1 .  Wrap¬ 
around  fin  configurations  have  been  analyzed  extensively  over  the  years  in  an  attempt  to 
alleviate  their  associated  anomalies.  Most  research  has  centered  around  cause  and  effect 
relations  for  various  aspects  of  the  fins  (i.e.  fin  geometry,  fin  attachment  methods,  fin 
angle,  etc.)  but  few  studies  have  been  conducted  to  foster  a  better  understanding  of  the 
causes  of  the  associated  aerodynamic  irregularities  (2). 

Of  particular  importance  to  projectile  designers  is  the  side  force/moment  inherent  to 
wrap-around  fin  configurations.  During  flight,  the  side  force  at  angle  of  attack  causes  the 
projectile  to  fly  in  a  spiraling  motion.  Many  experiments  have  been  conducted  to  find  ways 
to  reduce  the  spiral  motion  associated  with  wrap-around  fin  configurations.  Certain 
projectile  tests  led  to  the  identification  that  some  aerodynamic  forces,  mostly  drag  and  side 
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force/ moment,  could  be  lessened  by  the  addition  of  a  cavity  in  the  base  of  the  shell  ( I ). 

Base  cavities  have  been  shown  to  alter  side  and  drag  forces  to  similar  extends  in  both  the 
subsonic  and  supersonic  regime  (6).  However,  speculation  still  exists  as  to  just  how 
influential  base  cavities  are  in  affecting  aerodynamic  forces  and  even  greater  uncertainty 
exists  in  how  base  cavities  alter  flow  over  axisymmetric  bodies.  Although  primarily 
interest  in  wrap-around  fin  configurations  remains  guided  by  supersonic  applications,  there 
is  substantial  base  cavity  effect  correlation  between  supersonic  and  subsonic  flow  (6). 
Accordingly,  base  cavity  effects,  as  determined  by  a  low  speed  study,  can  prove  applicable 
to  high  speed  cases. 

One  study  which  claimed  advantageous  force  changes  due  to  base  cavities  was  the 
STRIX  report  (18).  During  the  late  1980’s,  Swedish  Ordnance  and  SAAB  Missiles  AB 
jointly  developed  a  terminally  guided  mortar  projectile  called  STRDC.  STRIX  possessed 
wrap-around  fins  with  a  2  deg.  cant  angle  to  provide  the  projectile  with  aerodynamic 
stability.  Wind  tunnel  tests  showed  the  projectile  to  have  sufficient  static  stability  but  actual 
flight  tests  revealed  higher  than  anticipated  drag  and  a  spiral  motion  about  the  trajectory 
path.  The  spiraling  motion  was  bad  enough  to  make  STRIX  unsuitable  in  its  anticipated 
role.  The  spiral  motion  was  presumed  to  result  from  a  non-linear  cross  moment  created  by 
the  wrap-around  fins.  By  implementing  a  base  cavity,  the  STRIX  study  claimed  a 
substantial  reduction  of  the  projectile  drag,  as  well  as,  a  reduced  side  force/moment  leading 
to  a  stable  projectile  flight  path  ( 18). 

However,  several  important  details  were  absent  from  the  STRIX  report. 
Specifically,  no  documentation  was  present  pertaining  to  the  cavity  aerodynamics. 
Additionally,  the  study  neglected  to  explain  its  set-up  and  procedures.  Testing  focused 
only  on  furnishing  the  projectile  with  a  stable  configuration  and  did  not  establish  the 
reasons  behind  the  force  changes.  Nonetheless,  the  promising  trends  exhibited  by  the 
STRIX  motivated  the  present  investigation. 
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The  purpose  of  this  experiment  was  to  expand  upon  and  provide  greater  insight  into 
the  effect  of  base  cavities  on  a  wrap-around  fin  configurations  than  previous  studies.  This 
study  examined  a  greater  number  of  cavity  depths  than  the  STRIX  report  or  other  tests 
conducted  on  non-spinning  axisymmetric  bodies.  Also,  this  investigation  compared  the 
effects  of  cavity  depth  on  spinning  and  non-spinning  bodies.  Of  particular  importance  was 
the  flow  structure  associated  with  wrap-around  fin  configurations  and  base  cavities.  Oil 
flow  visualizations  were  performed  to  identify  the  flow  structure  in,  and  around,  the  base 
cavity.  It  was  hoped  that  by  piecing  together  base  cavity  results  from  free  spinning  and 
non-spinning  wrap-around  fin  projectiles,  a  better  understanding  of  the  aerodynamic  forces 
acting  on  the  proj  ectiles  could  be  attained. 


II.  Theory 


The  aerodynamics  associated  with  spinning  axisymetric  bodies  possessing  a  base 
cavity  are  complex  and  little  understood.  Some  investigations  have  been  conducted  on 
non-rotating  axisymetric  bodies  but  only  a  handful  have  been  performed  for  rotating 
bodies.  Even  the  experiments  on  non-spinning  configurations  have  yielded  somewhat 
ambiguous  results. 

In  an  attempt  to  piece  together  the  aerodynamics  concerning  this  experiment,  the 
theory  behind  individual  aspects  of  the  configuration  are  described.  The  theory  can  be 
broken  up  into  the  Magnus  effects,  finned  body  effects,  canted  fin  Magnus  effects,  and 
base  cavity  effects. 

2. 1  Magnus  Force 

A  rotating  cylinder  with  spin  rate,  p  (rev/sec),  in  a  perpendicular  uniform  air  flow, 
V  (m/sec),  will  experience  a  side  force  known  as  a  Magnus  force,  as  shown  in  Rgure  (2. 1 ) 
(12). 


Figure  2.1:  Magnus  Force 


In  this  situation,  the  cylinder  of  radius,  r,  rotating  at  a  rate  of  p,  generates  a  force  of: 
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F  =  pV(4n:'pr) 


per  unit  length 


(2.1) 


For  a  spinning  cylinder  not  perpendicular  to  the  free  stream  velocity,  V,  the  equation  must 
be  modified  (12). 


z 


Figure  2.2:  Rotating  Cylinder  at  Angle  of  Attack 

As  depicted  in  Figure  (2.2),  for  a  airspeed,  V,  at  an  angle  of  attack,  a,  with  respect  to  the 
x-axis,  a  spinning  cylinder  of  length,  (,  has  the  side  force: 

F  =  pVsina(-4ac^pr^)^  (2.2) 

With  a  clockwise  rotation,  as  viewed  from  the  rear,  F  acts  in  the  positive  y-axis  direction 

(12). 
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2.2  Magnus  Moment 


The  Magnus  moment  is  simply  the  Magnus  force  multiplied  by  the  distance  from 
the  body  center-of-gravity  to  the  Magnus  force  center-of-pressure  as  described  in  Rgure 
(2.3). 


z 

Figure  2.3:  Magnus  Moment 

The  Magnus  force  center-of-pressure  is  usually  assumed  to  be  in  front  of  the  center-of- 
gravity  for  rotating  cylinders.  Since  only  the  rear  half  of  the  model  is  spinning  for  this 
experiment,  the  center-of-pressure  will  be  behind  the  center-of-gravity.  Since  this 
corresponds  to  a  point  with  a  negative  x  value,  a  positive  Magnus  moment  acts  in  the 
positive  z-axis  direction  (12)  in  the  defined  coordinate  system  of  Figure  (2.3).  Taking  the 
cross  product  of  the  distance  between  the  two,  denoted  by  x  along  the  negative  x-axis,  and 
the  Magnus  force,  F,  the  Magnus  moment  becomes: 

Magnus  moment  =  Fx  (2.3) 


23  Magnus  Effects  in  3-D 

The  previous  equations  were  based  on  2-D  flow  theory.  In  reality,  the  Magnus 
effects  on  a  non-finned,  rotating,  body  of  revolution  are  influenced  by  the  viscous 
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properties  of  the  surrounding  boundary  layer.  Changes  in  the  boundary  layer  and  vortex 
patterns  and  their  magnitude  control  the  Magnus  effects  ( 12).  At  angle  of  attack,  the  spin 
alters  the  boundary  layer  thickness  distribution  such  that  the  effective  aerodynamic  shape  is 
changed. 

Shift  in  Boundary  Layer  by 
asymmetric  spin 


V  V 


non-rotating  cylinder  rotating  cylinder 

Figure  2.4:  Three  dimensional  Magnus  Effects 

Figure  (2.4)  shows  how  the  boundary  layer  shifts  to  one  side  for  a  spinning  cylinder.  The 
alteration  of  the  boundary  layer  properties  due  to  spin  create  a  force  acting  perpendicular  to 
the  angle  of  attack  plane.  At  low  angle  of  attack  and  in  laminar  flow,  the  vortices  stay 
within  the  boundary  layer  causing  the  boundary  layer  to  thicken.  At  high  angles  of  attack 
the  laminar  flow  over  a  body  of  revolution  separates  into  two  symmetric  vortices.  For  a 
spiiming  body  of  revolution  the  vortices  shift  in  the  direction  of  spin,  also  generating  a 
force  in  the  positive  y-direction  as  shown  in  Rgure  (2.5)  (123). 
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non-rotating  cylinder  rotating  cylinder 

Figure  2.5:  High  Angle  of  Attack  Magnus  Effects 


2.4  Finned  Body  of  Revolution 

The  Magnus  force  for  a  spinning  finned  body  has  an  additional  force  caused  by  the 
rotating  fins,  known  as  the  Magnus  fin  force.  For  a  flat,  rectangular  plate  traveling  with  a 
free  stream  velocity,  V,  and  rotating  at  a  rate,  p  (rev/sec),  about  a  line  parallel  to  one  of  its 
sides,  the  generated  lift  force  coefficient  can  be  approximated  by; 

Cf  =  2nra  (2.4) 

for  subsonic  flow,  and: 


4a 

{Machr  - 1)’  * 


(2.5) 


for  supersonic  flow  ( 14),  where  Mach  is  the  free  stream  Mach  number  and  a  is  the  angle  of 
attack  created  by  the  rotation  of  the  flat  plate.  Alpha  varies  uniformly  along  the  plate  span 


and  reaches  a  maximum  value  of  a=pr/V  at  the  tip  ( 14). 


For  a  series  of  flat  plates  aligned  as  fms  around  a  body,  the  combined  lift  force 
contributes  toward  a  torque  about  the  body  axis.  Figure  (2.6b)  depicts  the  direction  of  the 
lift  forces.  At  angle  of  attack,  the  lift  force  on  the  top  fin  is  less  than  the  three  other  fm  lift 
forces.  In  the  vertical  plane,  the  two  lift  forces  cancel  but  the  reduced  force  on  top  fails  to 
balance  the  force  on  the  bottom  fin.  The  resultant  force  acts  perpendicular  to  the  angle  of 
attack  plane  as  shown  in  Figure  (2.6a). 
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Rear  V iew  of  Fins  Rear  V iew  of  Fins 

at  No  Angie  of  Attack  at  Angle  of  Attack 


(b) 

Figure  2.6:  Uncanted  Body  Fin  Interference  at  Angle  of  Attack 

The  situation  becomes  more  complex  for  a  body  with  canted  fins  ( 14).  The  cant 
creates  a  lift  force  on  the  fin  that  tends  to  rotate  the  body  as  shown  in  Figure  (2.7). 
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Rear  View  of  Canted  Fins 
at  Angle  of  Attack 


Figure  2.7:  Canted  Body  Fin  Interference  at  Angle  of  Attack 


The  resulting  fin  lift  force  will  be  in  the  opposite  direction  from  the  force  in  Figure  (2.6). 

At  zero  angle  of  attack  and  ignoring  fm  tip  effects,  the  combined  lift  distribution  on  each  fin 
is: 

dL  -Ci^  aqcdr  =  [{pr/V)-6  }qcdr  (2.6) 

For  a  free  spinning  fin, 

'll 

frdL^O^C,^qcJ(^-d)rdr  (2.7) 


where  6  is  the  fin  cant  angle  and  r,  and  r,  are  the  root  and  tip  radii  respectively.  Setting  k  = 


r,/r,  and  neglecting  k^  and  k^,  the  preceding  equation  can  be  integrated  to  yield: 

p  3  6 
V  “  2*^ 

Substituting  this  into  equation  (2.6)  gives: 


dL~C^qc6[ij^;)-l]dr 


(2.8) 


(2.9) 


Thedift  distribution  direction  switches  at  r  =  2T2/3.  Therefore,  the  canted  fin  tends  to 
increase  the  spin  near  the  root  while  retard  the  spin  near  the  tip.  A  free  spinning  body  of 
revolution  has  zero  rolling  moment  at  all  angles  of  attack.  However,  the  spin  rate  changes 
as  a  result  of  body-fin  interference.  At  positive  and  negative  angle  of  attack,  the  lift  near 
the  root  of  the  leeward  fin  drops  so  that  the  total  torque  about  the  axis  of  symmetry 
decreases.  This  leads  to  a  drop  in  the  spin  rate. 


Integrating  equation  (2.9)  gives  the  resulting  canted  fin  lift. 

L^C^^qcd{^X4k-\)  (2.10) 

The  body-fin  interference  force  for  a  canted  fin  acts  in  the  same  direction  as  the  body 
Magnus  force  ( 14). 


A  Magnus  moment  can  also  be  created  on  differentially  canted  fins  when  the  body 
is  at  angle  of  attack.  The  differing  fin  normal  force  components  produce  a  couple  at  the 
rear  of  the  body. 


Left  Rn  Right  Fin 

Figure  2.8:  Canted  Fin  Magnus  Effects 

Using  Figure  (2.8)  the  moment  can  be  found  from: 

M~-iL,y,  +  L^^)6  (2.11) 
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where  L  corresponds  to  the  lift  and  the  subscripts  ( ),  and  (  ),  correspond  to  the  left  and 
right  fin  respectively. 


L,y,  =  fqCvJap  -6  +-^XdXy)dy 

(2.12) 

(Op +  6-  -^XdXy)dy 

(2.13) 

is  the  normal  force  coefficient  derivative  of  the  fin.  Plugging  these  two  equations  into 
equation  (2. 1 1)  yields: 

M~-2qC^apd"6  (2.14) 

The  canted  fin  Magnus  force  is  directly  proportional  to  angle  of  attack  and  is  a  function  of 
fin  cant  angle.  Its  value  is  negative  for  a  clockwise  rotation,  as  seen  from  the  rear,  and  the 
spin  rate  has  no  effect  on  this  Magnus  moment  In  many  cases  this  particular  Magnus 
moment  is  much  larger  than  the  body-fin  interference  moment  ( 14). 

2.6  Base  Cavity  Effects 

Base  cavities  are  known  to  reduce  the  drag  of  two-dimensional  objects  and,  to  a 
lesser  extent,  three-dimensional  bodies  ( 10).  However,  the  cavity  effect  on  axisymmetric 
bodies  has  not  been  studied  to  any  great  extent  and  the  cavity  effect  on  rotating 
axisymmetric  bodies  has  only  been  examined  superficially.  The  base  cavity  effects  have 
been  noted  but  the  causes  have  not. 

The  base  drag  reduction  approach  relies  on  influencing  the  near  wake  flow  with 
changes  in  base  geometry,  thereby  raising  the  base  pressure.  The  cause  of  this  base 
pressure  rise  is  the  subject  of  some  discussion.  In  two-dimensional  flow,  Nash  et  al. 
proposed  that  base  cavities  provide  an  “improvement  of  the  wake  stability  resulting  in  a 
decrease  in  the  strength  of  the  vortex  street”  (11).  However,  this  theory  breaks  down  for 
axisymmetric  bodies  which  still  experience  base  cavity  drag  reduction  at  supersonic  speeds 
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(6).  The  vortex  street  is  a  subsonic  characteristic,  and  so  cannot  be  held  accountable  for 
drag  reduction  on  three-dimensional  bodies. 

A  different  phenomenon  is  thought  to  govern  axisymmetric  base  flow.  The  vortex 
shedding  is  known  to  be  much  weaker  for  axisymmetric  bodies  than  for  2-D  plate  flow. 
Noting  this  fact,  Compton  hypothesized  that  the  drag  decrease  is  due  to  the  turning  of  the 
recirculating  flow  along  the  cavity  walls  into  the  direction  of  the  external  flow  as  shown  in 
Figure  (2.9)  (6).  This  produces  a  co-flowing  stream,  parallel  to  the  external  flow,  which 
reduces  the  mixing  rate  along  the  streamline.  This  theory  assumes  that  the  mixing  rate  is 
directly  responsible  for  raising  the  base  pressure. 


Co-flowing  Stream 


Figure  2.9:  Co-axial  Flowing  Stream 


Though  limited  tests  have  been  performed,  some  common  agreement  exists  on  the 
drag  reducing  potential  of  base  cavities.  The  studies  performed  indicated  that  base  drag 
initially  decreased  with  increasing  cavity  depth  but  increased  after  a  certain  base  cavity 
depth/cavity  diameter,  (L/D),  was  reached.  After  this  maximum  drag  reduction  depth  was 
attained  the  drag  increased  but  remained  lower  than  the  zero  cavity  base  drag.  Figure 
(2. 10)  shows  the  results  obtained  by  Morel  (11)  and  Compton  (6). 
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The  “optimal”  drag  reduction  value  for  L/D  (cavity  depth/cavity  diameter)  is  an  open 
issue.  The  Compton  study  placed  this  optimal  L/D  somewhere  between  0. 125  and  0.25 
(6).  Tanner  obtained  the  “best”  L/D  near  35,  as  did  Morel  (19, 11).  Conversely,  the 
STRIX  report  found  a  drag  decrease  through  L/D  =  0.47  (17).  The  amount  of  drag 
reduction  also  differed  between  experiments  from  nearly  13%  for  STRIX,  12%  for  Morel, 
and  1 1 .6%  for  Compton,  to  essentially  no  reduction  for  Abate  and  Hathaway  (2).  Morel’s 
and  Compton’s  analyses  were  conducted  on  non-rotating,  axisymmetric  bodies  while  the 
STRIX  and  Abate/Hathaway  studies  were  on  spinning,  axisymmetric  configurations. 

As  well  as  reducing  drag,  the  STRDC  report  claimed  that  base  cavities  also  reduced 
the  Magnus  moment  characteristic  of  free  spinning,  canted-fm  projectiles  ( 17).  Apparently, 
no  studies  have  been  done  to  discover  the  reason  behind  the  base  cavity’s  ability  to  reduce 
Magnus  moments  on  rotating  axisymmetric  bodies. 
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HI.  Test  Model  and  Instrumentation 


3.1  Test  Model 

The  test  model  was  a  0.3 1  scale  model  of  the  STRIX  projectile  giving  it  a  diameter 
of  3.68  cm  and  a  length  of  25.65  cm.  For  ease  of  fabrication  the  nose  was  rounded  into  a 
hemisphere  instead  of  copying  STRIX’s  more  ogive  shape.  The  base  cavity  diameter  to 
model  outside  diameter  ratio  was  increased  slightly  in  hopes  of  amplifying  the  base  cavity 
effect.  The  model  is  shown  in  Figure  (3.1)  with  all  dimensions  in  centimeters,  and  was 
constructed  in  three  main  parts;  a  front,  mid,  and  rear  section. 

3.1.1  Front  Section 

The  front  half  of  the  model  consisted  of  an  aluminum  shaft  with  a  rounded  front. 
The  aluminum  sting  attached  perpendicularly  to  the  shaft  center-line  at  the  back  of  the  front 
piece.  The  sting  was  aerodynamically  faired  and  hollow  to  allow  for  insertion  of  the 
balance.  The  balance  protmded  slightly  into  the  front  half  of  the  model  but  the  bearing 
assembly  prevented  the  balance  from  lying  closer  to  the  center  of  gravity.  All  moments  are 
taken  about  the  electrical  center  of  the  balance.  The  balance  electrical  center  lied  1 1 .77  cm 
behind  the  front  of  the  model  and  4.66  cm  below  the  model  centerline.  The  sting  height 
was  10.8  cm  from  the  bottom  of  the  shaft  Its  length  in  the  streamwise  direction  was  3.81 
cm  and  the  maximum  width  was  1.52  cm. 

3.1.2  Mid  Section 

The  mid-section  embodied  two  INA/ Andrews®  GT-1  ball  thrust  bearings,  a  hollow 

aluminum  shaft,  and  a  bolt.  The  mid  section  shaft  was  2.6  cm  long  and  retained  the  same 
outside  diameter  as  the  front  shaft.  A  small  lip  protruded  around  the  inside  of  the  hollow 
shaft.  One  bearing  was  seated  on  each  side  of  the  lip.  A  3.8  cm  bolt  went  through  the  13 
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cm  inner  diameter  of  the  bearings.  The  end  of  the  bolt  screwed  into  the  front  shaft  and 
firmly  attached  the  bearings  and  mid-section  to  the  front  piece. 

3.1.3  Rear  Section 

The  rear  section  comprised  a  single  free-spinning  hollow  shaft.  The  rear  shaft  was 
8.9  cm  long  and  kept  the  3.68  cm  diameter  of  the  front  section.  To  attain  free-spin  in  the 
airflow,  four  wrap-around  type  fins  were  attached  at  equal  distances  around  the  shaft  near 
the  back.  The  fins  were  curved  with  an  inside  radius  equal  to  the  outside  radius  of  the 
shaft.  The  fins  had  a  curved  height  of  2.7  cm  and  a  chord  of  2.79  cm.  The  fins  possessed 
a  cant  of  2  deg.  to  provide  a  spin  rate  of  approximately  180  rpm.  The  rear  section  was 
attached  to  the  front  by  a  bearing  assembly.  The  rear  section,  as  well  as  the  portion  of  the 
model  surrounding  the  bearings,  were  able  to  spin. 

The  cavity  of  the  rear  half  had  a  diameter  of  3. 1  cm.  During  the  tests  the  cavity 
could  be  completely  or  partially  filled  with  a  wood  plug.  The  plug  allowed  the  cavity  depth 
to  be  infinitely  varied  from  zero  to  a  maximum  of  10. 1  cm,  providing  a  L/D  range  of  0  to 
1.80.  The  1.2  cm  plug  was  held  in  place  by  friction  within  the  rear  diaft  cavity.  As  with 
the  front  piece,  the  rear  half  was  also  constructed  of  aluminum. 
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■■  Bearings 

All  Dimensions  in  cm 


Figure  3.1:  Model  Schematic 


3.1.4  Mounting 

The  balance  was  placed  on  top  of  a  hollow  aluminum  receiver  shaft.  With  the 
model  in  place,  the  mounting  apparatus  did  not  protrude  above  the  bottom  of  the  wind 
tunnel  floor.  The  receiver  was  able  to  pivot  just  below  the  tunnel  floor.  This  pivot  was 
used  to  control  the  angle-of-attack  of  the  model.  The  allowable  range  was  -9  deg.  to  +1 1 
deg.  relative  to  the  wind  tunnel  floor  with  a  resolution  of  1  deg.  The  mounting  assembly 
with  balance  is  shown  in  Rgure  (3.2). 
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Figure  3.2:  Model  Mounting 


3.2  Instrumentation  and  Facilities 
3.2.1  Force  Balance 

The  balance  used  in  this  experiment  was  a  1.27  cm  Mark  VI,  six-component  strain- 
gage  balance  made  by  the  ABLE  CORPORATION.  Two  normal  gages,  53  cm  apart, 
measured  normal  force  and  pitching  moment  The  maximum  allowed  normal  force  was 
178  N  and  565  N-cm  for  pitching  moment  Two  side  gages,  also  53  cm  apart,  measured 
side  force  and  yaw  moment  The  maximum  side  force  and  side  moment  allowed  were  67 
N  and  226  N-cm,  respectively.  The  axial  force  gage  possessed  a  maximum  load  of  156  N 

and  roll  moment  maximum  was  169  N-cm.  Accuracy  of  each  gage  was  listed  at  ±0.5%  of 

the  applied  load  (4). 
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As  a  result  of  the  unusual  vertical  balance  orientation,  the  forces  needed  to  be 
transposed  into  the  model  coordinate  system.  Thus,  the  balance  normal  forces 
corresponded  to  the  model  axial  force.  The  balance  axial  force  became  the  model  normal 
force  and  the  balance  roll  moment  the  model  side  moment.  Pitching  moment  and  yaw 
moment  were  the  same  in  both  coordinate  systems.  The  direction  of  forces  and  moments 
used  for  this  experiment  are  shown  in  Figure  (3.3). 


Cn 


Figure  3.3:  Orientation  of  Model  Forces  and  Moments 


3.2.2  Wind  Tunnel 

All  tests  were  completed  in  the  AFTT  12  inch  wind  tunnel.  The  Aerolab  Educational 
Tunnel  was  an  open  circuit  wind  tunnel  with  a  30  cm  x  30  cm  test  section  as  shown  in 
Figure  (3.4).  The  tunnel  possessed  a  contraction  ratio  of  9.5: 1  and  airspeed  varied  from  0- 
65  m/s  through  a  7.5  kilowatt  drive  operated  by  a  variable  frequency  system. 
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Figure  3.4:  AFIT 12"  Wind  Tunnel 


An  orifice  ring  around  the  upstream  end  of  the  test  section  provided  the  average 
static  pressure  of  the  undisturbed  flow.  Static  pressure  was  used  as  the  throat  Venturi 
pressure  in  calculating  airspeed.  The  maximum  test  section  blockage  was  4.8%  when  the 
model  was  at  +1 1  deg.  angle  of  attack.  The  model  is  shown  in  the  test  section  in  Figure 
(3.5). 
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Figure  3.5:  Model  in  Test  Section 


3.23  Acquisition  Software 

The  acquisition  software  consisted  of  several  Lab  VIEW®  virtual  instrument 
programs  integrated  to  perform  all  necessary  aspects  of  calibration,  data  collection,  and 
reduction.  The  details  surrounding  the  design  of  these  Lab  VIEW®  programs  are  contained 
in  reference  (7).  The  code  was  derived  from  a  previous  PASCAL-coded  wind  tunnel  data 
acquisition  system  and  needed  relatively  few  modifications  (7).  The  system  was  composed 
of  three  distinct  areas;  calibration,  data  acquisition,  and  data  reduction. 


3.2.4  Calibration 


The  balance  calibration  software  consisted  of  two  programs.  The  first,  Balcal. 
collected  the  balance  calibration  data  and  built  the  calibration  slopes  for  each  gage  in  the 
negative  and  positive  directions.  The  program  recorded  the  voltage  and  the  corresponding 
weight  of  the  balance  loading  and  unloading  procedure  and  wrote  the  information  to  a  data 
file. 

The  second  program,  Calslop,  read  the  Balcal  produced  data  file  and  determined  the 
slopes,  intercepts,  and  linear  correlation  for  each  gage.  Calslop  then  wrote  the  positive  and 
negative  slope  matrix  to  another  data  file  to  be  accessed  by  the  main  program  (7). 

3.2.5  Data  Acquisition 

The  main  program  read  the  raw  voltage  values  from  the  balance  and  the  pressure 
readings  from  the  wind  tunnel.  The  voltage  readings  were  averaged  over  a  variable  time 
length  defined  by  the  operator.  The  program  had  the  option  of  reading  and  saving  a  zero 
point  to  provide  a  reference  point  for  the  instrumentation  and  setup.  The  program 
subtracted  out  the  zero  reading  for  each  run  and  wrote  the  raw  voltages  to  a  file  for 
analysis. 

3.2.6  Data  Reduction 

The  data  reduction  section  of  the  program  made  up  the  majority  of  the  Lab  VIEW® 
system.  The  reduction  section  converted  the  raw  voltages  to  forces  using  the  calibration 
slope  matrices  created  by  Calslop  and  the  pressure  voltages  were  converted  directly  into 
tunnel  airspeed.  The  balance  forces  were  converted  to  model  forces  based  on  tare  data 
which  was  compiled  before  the  data  acquisition  begins.  Tares  could  be  applied  to  each 
gage  to  subtract  out  the  wind-off  forces  on  the  model  and,  thus,  leave  only  the  aerodynamic 
forces.  Tare  curve  fits  allowed  for  the  model  center  of  gravity  to  be  determined  and 
permitted  the  forces  on  the  model  to  be  deduced. 

The  reduction  section  then  converted  the  forces  into  aerodynamic  coefficients  in  the 
model  coordinate  system.  The  program  wrote  the  balance  forces  and  the  aerodynamic 
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coefficients  to  separate  data  files.  Airspeed  and  atmospheric  conditions  were  recorded 
along  with  the  aerodynamic  quantities. 
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IV.  Test  Set-Up  and  Procedures 


This  section  outlines  the  experimental  process  and  the  instrumentation  set-up.  This 
section  consists  mainly  of  the  balance  calibration  and  the  procedures  describing  how  the 
experimental  test  runs  were  conducted,  as  well  as  the  motivation  behind  the  testing  method. 

4. 1  Calibration 

Balance  calibration  ensures  the  accuracy  of  the  balance  and  provides  the  necessary 
voltage  vs.  force  slopes  to  convert  the  balance  voltages  into  aerodynamic  forces.  The 
slopes  are  determined  for  negative  and  positive  loads  for  each  gage  and  combined  into  a 
calibration  matrix. 

The  calibration  procedure  entailed  mounting  a  balance  horizontally  on  a  calibration 
framework.  A  calibration  body  with  attached  hanging  rod  and  load  pan  were  placed  on  the 
balance  for  the  application  of  the  iron  weights.  Each  time  a  weight  was  placed  on  the  load 
pan  the  balance  needed  to  be  leveled  out.  Normally,  the  corresponding  balance  deviation 
for  each  weight  was  measured  and  recorded,  but  for  this  sting  configuration  the  deviations 
were  on  the  order  of  1-3  minutes  and  deemed  negligible. 

Starting  with  an  unloaded  pan,  weights  were  placed  on  the  load  pan  in  equal 
increments  and  the  weight  and  corresponding  voltages  recorded  for  each  gage.  0.23  kg 
increments  were  used  for  the  axial  gage  calibration  and  0. 1 13  kg  increments  for  the  other 
gages.  From  these  points,  the  force  vs.  voltage  curves  and  each  gage’s  linear  correlation 
were  computed.  The  positive  and  negative  calibration  curves  are  shown  in  Figures  (4.1) 
and  (4.2),  respectively,  and  the  correlation  in  T able  (4. 1 ). 
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Figure  4.1:  Positive  Calibration  Curves 


Figure  4.2:  Negative  Calibration  Curves 
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1.0 


1.0 


Negative 


.99998 


.99995 


.99999 


1.0 


.99999 


Table  4.1:  Balance  Gage  Correlation 


4.2  Procedures 


As  a  result  of  the  small  forces  involved  in  the  experiment  (less  than  4  N),  a  high 
airspeed  was  necessary  to  allow  for  more  readable  forces.  The  tunnel  has  a  maximum  test 
section  airspeed  of  65  m/s  but  at  this  velocity  the  spinning  model  experienced  excessive 
vibration.  A  dynamic  pressure  of  2205  N/m*  (60  m/s)  was  selected  for  testing  as  it 
produced  the  largest  forces  without  significant  model  vibration.  A  tare  program  was 
produced  but  not  used  for  the  experimental  runs.  The  slow  balance  drift  made  taking  a 
wind-off  readings  and  using  tare  data  less  accurate  than  taking  a  zero  before  each  run.  The 
balance  drift  is  described  in  more  detail  in  Appendix  A. 

4.2. 1  Cavity  Depth  Sweep 

The  following  describes  the  testing  procedure.  For  a  selected  angle  of  attack,  the 
non-spinning  configuration  was  attached  to  the  model.  The  airspeed  was  turned  up  and  the 
sting  mounting  pivoted  until  the  Lab  VIEW®  program  indicated  a  yaw  moment  coefficient 
in  between  ±0.0(B.  This  alignment  ensured  the  model  possessed  a  yaw  angle  of  near  zero. 
Even  when  the  yaw  moment  was  essentially  zero,  a  small  non- zero  side  force  was  present 
and  varied  slightly  with  angle  of  attack,  suggesting  small  inaccuracies  in  the  model  and 
sting  manufacture.  This  small  side  force  coefficient  was  near  .055  for  zero  yaw  moment 
and  most  angles  of  attack.  With  the  model  aligned  correctly  in  the  tunnel  the  non-rotating 
back  end  could  be  then  be  exchanged  with  the  rotating  end. 

The  room  temperature  and  barometric  pressure  were  recorded  and  manually  entered 
into  the  Lab  VIEW®  program.  A  wind-off  zero  reading  was  taken  and  recorded  and  the 

tunnel  then  turned  on  to  a  dynamic  pressure  of  -•2205  N/m^.  The  program  averaged  2000 

data  points  taken  at  a  scan  rate  of  2400  Hz.  Approximately  20  of  these  averaged  points 
were  recorded  to  minimize  the  effect  of  scatter  described  in  Appendix  A.  For  the  wind-off 
zero  reading,  200(X)  data  points  were  averaged  into  a  single  reading.  Once  the  accepted 
number  of  points  were  recorded  for  later  averaging,  the  wind  was  turned  off,  the  cavity 
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depth  increased,  and  a  new  zero  point  recorded.  The  test  matrix  shown  in  Table  (4.2)  was 


performed  for  both  the  spinning  and  non-spinning  configurations. 
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Table  4.2:  Cavity  Depth  Sweep  Test  Matrix 


4.2.2  Angle  of  Attack  Sweep 

For  the  angle  of  attack  sweep,  a  cavity  depth  was  selected  and  the  angle  of  attack 
set.  The  non-spinning  piece  was  attached  and  the  sting/model  aligned  in  the  tunnel  to  read 
a  near  zero  yaw  moment.  A  zero  reading  was  recorded,  followed  by  a  test  run  for  the  non¬ 
spinning  case  and  then  a  test  run  for  the  spinning  configuration.  With  the  wind  off,  the 
angle  of  attack  was  changed  and  the  model  again  realigned  in  the  tunnel  with  the  non¬ 
spinning  configuration.  Once  an  entire  angle  of  attack  sweep  was  made  the  base  cavity 
depth  was  changed.  The  angle  of  attack  sweep  test  matrix  is  shown  in  Table  (43).  The 
tests  were  conducted  on  both  the  spinning  and  non-spinning  cases  at  a  dynamic  pressure  of 
2205  N/m"  ±49. 


Angle 

of  Attack 

(deg.) 

0 

-5  -2 

0 

2 

5 

L/D  .410 

-5  -2 

0 

2 

5 

.574 

-5  -2 

0 

2 

5 

.820 

-5  -2 

0 

2 

5 

Table  4.3:  Angle  of  Attack  Sweep  Test  Matrix 


4-4 


V.  Results  and  Discussions 


Experimental  runs  were  conducted  for  seven  angles  of  attack,  -9,  -5,  -2, 0,  2, 5, 
and  9  degrees  and  for  a  spinning  and  non-spiiming  configuration.  At  ±9  degrees  the  data 
scatter  for  the  spinning  and  non-spinning  cases  resulted  in  inconclusive  results.  Data 
obtained  at  ±5  deg.  were  also  often  difficult  to  fully  analyze.  Five  force  coefficients, 
thrust,  normal,  pitching  moment,  side  force,  and  yaw  moment,  were  examined  for  their 
change  with  base  cavity  depth  and  angle  of  attack. 

As  a  basis  for  comparison,  results  were  to  be  analyzed  with  existing  base  cavity 
results.  The  spinning  configuration  data  was  first  compared  with  the  STRIX  projectile 
results.  The  angle  of  attack  sweep  data,  described  in  Chapter  III,  was  presented  in  a 
manner  similar  to  that  presented  in  the  STRIX  report  ( 18).  The  cavity  depth  sweeps  were 
conducted  to  provide  more  comprehensive  information  concerning  the  effect  of  cavity  depth 
than  previous  experiments  and  they  provided  a  good  overall  picture  on  the  trends  involved. 

One  of  the  prime  objectives  of  the  experiment  was  to  investigate  the  effects  of  spin 
on  base  cavity  effects.  To  accomplish  this  a  series  of  non-spinning  runs  were  made.  This 
afforded  not  only  the  opportunity  to  compare  with  spinning  results,  but  also  provided  a 
platform  that  facilitated  flow  visualization  studies. 

5. 1  Comparison  With  STRIX 

5.1.1  Thrust  Force  Comparison 

Since  the  model  design  was  based  heavily  upon  the  STRIX  projectile,  a  series  of 
comparisons  were  made  to  data  obtained  for  the  STRIX  projectile  ( 17).  Figure  (5.1) 
shows  the  percent  change  in  thrust  coefficient  for  four  cavity  depths  for  the  STRIX  and  the 
current  experiment.  The  STRIX  experiment  tested  cavity  depths  up  to  a  L/D  of  0.471  and 
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its  results  showed  a  nearly  uniform  Ct  decrease  at  all  angles  of  attack  for  increasing  cavity 
depth  up  through  0.471. 


a  (deg.) 


— 

--L/D  =  .306 

— 

-L/D  =  .376 

-L/D  =  .424 

— 

--L/D  =  .471 

- tr- 

—  (Current  study) 

L/D  -  .410 

— 

—  (Current  study) 

L/D  -  .574 

— ®- 

—  (Current  study) 

L/D  -  .82 

Figure  5.1:  Thrust  Force  Comparison  at  Angle  of  Attack 


The  current  experiment,  which  considered  deeper  cavity  depths,  implied  that  ACt 

“bottomed  out”  between  UD  =  0.410  and  L/D  =  0.820,  whereas,  the  STRIX  report  found 
a  decrease  in  Ct  throughout  the  range  of  its  study. 

The  magnitude  of  ACt  differed  considerably  between  the  STRIX  and  current 

experiment  The  STRIX  report  claimed  a  maximum  thrust  coefficient  decrease  of  at  least 
0.05  ( 13.2%)  over  all  angles  of  attack  while  the  current  experiment  obtained  maximum 

decreases  from  0.009  to  0.014  (3.5%  to  5.5%).  In  both  plots,  for  a  fixed  L/D,  ACt  varied 

no  more  than  .(X)5  across  the  angle  of  attack  range.  At  these  modest  angle  variations  the 
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flow  structure  evidently  remained  fairly  constant.  Figure  (5.1)  shows  little  change  in  ACt 


for  the  current  study  at  +5  deg.  angle  of  attack. 

Figure  (5.2)  shows  the  full  cavity  depth  sweep  for  the  current  study  next  to  the 
STRIX  results.  The  points  given  the  subscript,  (2),  represent  repeated  run  points. 


STRIX 


Figure  5.2:  Comparison  of  Spinning  Thrust  Coefficient  vs.  UD 


The  thrust  coefficient  trend  obtained  in  the  current  study  was  consistent  with  the 
experiments  of  Morel  (11)  and  Compton  (6)  which  concluded  that  drag  will  decrease  with 
increasing  cavity  depth  up  to  a  specific  UD.  After  that  cavity  depth  is  reached  the  drag  will 
increase  but  always  remain  lower  than  the  zero  cavity  depth  value.  Compton  (6)  predicted 
this  “transition”  L/D  value  to  be  between  0. 125  and  0.25  while  Morel  (11)  stated  it  to  be  at 
035.  Based  on  the  results  of  the  plots  in  Hgure  (5.2),  the  transition  L/D  value  was 
apparently  not  reached  in  the  STRIX  experiments.  The  current  experiment,  which 
resembled  the  STRIX  study,  suggested  the  transition  L/D  for  this  configuration  was  in  the 
vicinity  of  L/D  =  0.5.  Only  the  current  experiment  and  the  STRIX  study  were  performed 
on  spinning  configurations.  This  suggested  a  comparison  between  the  spinning  and  non¬ 
spinning  configurations  to  determine  the  effect  of  spin  on  the  base  cavity  effects.  This 
comparison  is  addressed  in  a  later  section. 


5.1.2  Side  Force  Comparison 

Reductions  in  side  force  and  yaw  moment  were  the  major  motivators  in  base  cavity 
experiments  on  wrap-around  fin  configurations.  Figure  (5.3)  displays  the  spin-induced 
side  force  and  its  alterations  with  cavity  depth  for  the  current  and  the  STRIX  studies. 
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Figure  5.3:  Side  Force  Comparison  at  Angle  of  Attack 


For  negative  angles  of  attack,  the  current  study  side  force  increased  for  L/D  =  .410  and 
then  decreased  slightly  for  greater  cavity  depths.  The  overall  effect  of  cavity  depth,  as 
interpreted  from  Figure  (5.3),  was  in  “smoothing”  out  the  L/D  curves.  Except  for  at  -i-5 
deg.,  increasing  L/D  raised  Cc  for  the  STRIX  projectile  but  the  overall  effect  was  to  move 
the  side  force  closer  to  zero.  The  STRIX  tests  showed  an  increase  in  projectile  stability  at 
angle  of  attack  while  the  current  study  did  not.  The  positive  side  forces  at  all  angles  of 
attack  for  the  current  study  may  result  from  inaccuracies  in  the  model  fabrication. 
Otherwise,  based  on  theory,  the  side  force  should  be  negative  at  negative  angles  of  attack. 

5.13  Yaw  Moment  Comparison 

In  close  conjunction  with  side  force,  another  claimed  outcome  of  base  cavity  effects 
was  to  move  the  yaw  moment  close  to  zero  for  angles  of  attack  between  ±5  deg.  The 
experimental  results  for  yaw  moment  appear  in  Figure  (5.4)  for  the  current  study  and  the 
STRIX  study. 
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Figure  5.4:  Yaw  Moment  Comparison  at  Angle  of  Attack 

As  with  side  force,  cavity  depth  raised  Cy  and  smoothed  out  the  curve  for  the  current 
study.  At  ±5  deg.  the  change  in  Cy  was  nearly  non-existent  while  at  zero  angle  of  attack 

ACy  was  +.013.  The  STRIX  report  claimed  that  increasing  L/D  shifted  the  yaw  moment 

curve,  as  well  as,  the  magnitude  of  Cy  at  higher  angles  of  attack  closer  to  zero,  thereby 
severely  reducing  the  spiral  trajectory  associated  with  wrap-around  fm  configurations.  The 
current  study  did  not  find  such  a  reduction  in  Cy  or  Cc.  Possible  reasons  for  the 
discrepancy  were  the  slightly  different  model  configurations.  A  comparison  with  the  non¬ 
spinning  case  shed  more  light  on  the  variation. 

5.2  Cavity  Depth  Sweeps  for  Spinning  Configuration 

To  gain  a  clearer  understanding  of  the  force  changes  occurring  as  base  cavity  depth 
was  increased,  runs  were  made  for  several  fixed  angles  of  attack  with  L/D  increased  from  0 
to  1.8.  Test  runs  were  made  at  fourteen  cavity  depths  with  selected  depths  re-examined 
during  a  repeat  sweep  [denoted  by  (2)  on  the  plots].  The  current  study  L/D  sweeps 
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covered  more  and  larger  cavity  depths  than  any  other  known  base  cavity  experiments. 
Through  these  test  runs,  cavity  depth  trends  could  be  defined  more  concretely. 

5.2.1  Spinning  Configuration  Thrust  Force 

The  thrust  coefficient  L/D  sweep  results  are  displayed  in  Figure  (5.5)  for  five 
angles  of  attack.  All  five  plots  portrayed  the  trend  described  in  Chapter  11.  The  thrust 
coefficient  decreased  with  growing  cavity  depth  up  to  a  point  and  then  increased.  While  the 
exact  transition  L/D  value  could  not  be  determined,  the  plots  strongly  suggested  it  to  be 
near  L/D  =  0.5.  The  percent  change  in  thrust  coefficient  from  no  cavity  to  the  transition 
cavity  depth  ranged  from  2.4%  at  zero  degrees  to  3.4%  at  -5  deg.,  agreeing  well  with  the 

ACt  values  obtained  in  the  angle  of  attack  sweep  described  at  the  beginning  of  this  chapter. 

5.2.2  Spinning  Configuration  Normal  Force 

The  normal  force  coefficient  versus  L/D  is  displayed  in  Rgure  (5.8)  for  five  angles 
of  attack.  Although  the  forces  involved  were  very  small  and  difficult  to  interpret,  base 
cavity  depth  did  appear  to  have  some  influence  on  the  model  normal  force.  The  normal 
force  coefficient  emulated  an  inverted  Ct  trend  for  increasing  L/D.  Cn  increased  to  the 
transition  L/D  and  then  dropped,  but  always  remained  higher  than  Cn  for  no  base  cavity. 
The  overall  increase  for  the  normal  force  coefficient  was  small  for  each  angle  of  attack; 
approximately  +.(X)2. 

5.23  Spinning  Configuration  Pitching  Moment 

As  displayed  in  Figure  (5.7),  the  pitching  moment  coefficient  followed  the  same 
trend  as  the  thrust  coefficient  from  -2  deg.  to  +5  deg.  In  conjunction  with  the  Ct  and  Cn 
plots,  the  transition  L/D  appeared  to  be  near  L/D  =  0.5.  As  in  the  case  with  the  normal 
force,  base  cavity  effects  on  pitching  moment  are  small.  The  changes  in  Cm  from  no  cavity 
to  the  transition  point  range  from  -.(X)16  to  +.0013. 

The  angle  of  attack  sweep  data  matched  fairly  well  with  the  cavity  sweep  results, 
and  the  trends  matched  with  previous  experiments.  However,  there  existed  large 
discrepancies  between  these  results  and  the  STRIX  results.  The  magnitude  of  the  thrust 
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coefficient  reduction  remains  the  most  obvious  difference.  The  STRIX  report  suggested  a 
13%  Ct  reduction  with  a  base  cavity  L/D  of  0.471  compared  to  this  experiment’s  2%  to  5% 
reduction  at  an  L/D  of  near  0.50.  The  present  experimental  error,  as  described  in  Appendix 
A,  amounted  to  a  standard  deviation  of  approximately  1%  (and  possibly  as  high  as  3%)  of 
the  original  force  coefficient  values.  The  errors  associated  with  the  STRIX  test  were  not 
reported.  The  STRIX  data  used  for  comparison  was  read  off  a  curve-fitted  plot.  The  only 
documented  inaccuracies  in  the  STRIX  report  were  obtained  from  an  examination  of  the 
fluctuations  on  the  plots.  The  average  variations  amounted  to  approximately  ±0.020, 
±0.(X)5,  and  ±0.(X)4  for  Cn,  Cc,  and  Ct,  respectively. 

The  discrepancy  did  suggest  that  base  cavity  effects  could  be  very  configuration 
dependent.  An  unknown  number  of  model  shape  and  size  factors  could  all  have  an  effect 
on  the  results.  Although  the  model  used  in  this  experiment  was  based  on  the  STRIX, 
changes  to  the  nose  region  may  have  contributed  to  some  of  the  observed  differences. 
More  likely  were  the  differences  between  experimental  set-ups  but  little  more  could  be 
concluded  without  further  information  on  the  STRIX  test  procedure.  The  model 
configuration  and  experimental  set-up  could  have  much  to  do  with  base  cavity 
developments  and  could  explain  the  inconsistency  in  magnitudes  between  experiments. 
However,  one  common  feature  between  the  current  study  and  the  earlier  STRIX  tests  were 
the  strong  possibility  of  a  transition  L/D  near  0.5. 
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Figure  5J:  Spinning  Thrust  Force  Cavity  Depth  Sweep 
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Figure  5.6:  Spinning  Normal  Force  Cavity  Depth  Sweep 
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Figure  5.7:  Spinning  Pitching  Moment  Cavity  Depth  Sweep 
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5.3  Non-spinning  configuration 

The  drag  reduction  trends  displayed  for  the  spinning  configuration  agreed  with  the 
non-spinning  trends  observed  by  Compton  (6)  and  Morel  (11).  The  main  differences  were 
smaller  drag  reduction  and  an  increase  in  the  transition  L/D  seen  in  the  present  study. 
Additionally,  although  the  magnitude  of  the  drag  was  much  lower,  the  trends  seen  in  the 
current  study  also  agreed  qualitatively  with  the  eariler  STRIX  report.  Therefore,  to  gain  a 
better  understanding  of  the  aerodynamic  properties  of  a  free-spinning  projectile,  a  non¬ 
spinning  case  was  investigated  at  several  angles  of  attack  for  comparative  purposes.  The 
non-spinning  case  offers  the  chance  to  examine  the  effect  of  spinning  on  base  cavity  effects 
by  comparing  the  results  to  the  rotating  configuration.  The  non-spinning  case  can  also  be 
compared  to  the  results  of  Compton  and  Morel.  Finally,  flow  visualizations  can  be 
performed  much  more  easily  on  the  non-spinning  body  than  the  free-spinning  model. 

The  data  for  side  force  and  yaw  moment  were  not  presented  for  the  non-spinning 
configuration.  Both  quantities  were  small  for  the  non-spinning  case  and  showed  no 
discernible  trends  for  changing  base  cavity  depth  (pages  C-l,C-2). 

53.1  Non-spinning  Thrust  Force 

The  thrust  coefficient  angle  of  attack  sweep  for  the  non-spinning  configuration  is 
plotted  in  Figure  (5.8). 
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Figure  5.8:  Non-Spinning  Thrust  Coefficient  Comparison  at  Angle  of  Attack 

The  magnitude  of  the  change  in  thrust  coefficient  also  closely  matched  that  for  the  spinning 
case.  This  was  particularly  true  at  +5  deg.  where  there  the  sting  probably  influenced  the 

flow  over  the  back  of  the  model.  For  the  non-spinning  configuration,  ACt  ranged  from  - 

0.000,(1.3%  decrease)  to  -0.015  (5.9%  decrease).  The  spinning  case  achieved  a  similar 
decrease  of  3.3%  to  5.5%.  The  error  for  both  sets  of  curves  was  approximately  ±0.002- 
0.003.  Within  the  error,  the  change  in  Ct  was  similar  for  the  spinning  and  non-spinning 
cases.  When  compared  to  the  large  force  reductions  proposed  by  other  experiments,  there 
was  little  noticeable  difference  of  base  cavity  effects  between  spinning  and  non-spinning 
bodies. 

The  non-spinning  thrust  coefficient  versus  LTD  is  compared  to  the  spinning  results . 
in  Figure  (5.9).  Both  test  were  performed  at  zero  angle  of  attack. 
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Figure  5.9:  Comparison  of  Spinning  and  Non-Spinning  Cavity  Depth  Sweeps 


The  curves  show  extremely  similar  results.  The  decrease  in  thrust  coefficient  was 
approximately  3%  for  both  cases.  The  transition  L/D  also  appeared  to  be  near  03  for  both 
configurations.  These  results  supported  the  previous  conclusion  that  the  base  cavity  drag 
reduction  is  similar  for  spinning  and  non-spinning  configurations. 

The  non-spinning  model  allowed  base  cavity  comparisons  to  be  made  with  other 
axisymmetric  bodies.  Rgure  (5. 10)  compares  the  same  non-spinning  curve  of  Figure  (5.9) 
with  the  base  cavity  results  of  Morel  (11). 


Figure  5.10:  Non-Spinning  Comparison  with  Morel 


5-13 


The  magnitudes  were  substantially  different  between  the  two  studies.  The  current 
investigation  found  a  thrust  coefficient  decrease  of  4%  while  Morel  claimed  a  decrease  of 
13%.  As  with  the  spinning  case.  Morel’s  transition  UD  was  a  less  than  what  the  current 
study  obtained,  possibly  a  result  of  different  configurations.  The  current  study’s  model 
resembled  the  Morel  model  with  the  notable  exception  of  a  larger  sting  and  a  larger  base 
cavity/outer-body  diameter  ratio.  This  ratio  was  0.84  for  the  current  model,  0.95  for  the 
Morel  model  (11),  0.71  for  the  STRIX  (18),  and  approximately  1.0  for  Compton’s  model 
(6).  Compton  performed  base  cavity  studies  with  different  boat  tail  angles  and  found  some 
drag  dependence  on  the  rear  configurations  (6).  A  larger  cavity /outer  diameter  ratio  could 
increase  the  transition  L/D  but  nothing  definate  could  be  determined  with  the  present  data. 

The  non-spinning  thrust  coefficient  versus  L/D  is  shown  for  five  angles  of  attack  in 
Figure  (5.1 1).  Although  the  transition  L/D  was  less  clear  for  the  negative  angles,  the  thrust 
force  versus  cavity  depth  tendencies  agreed  very  well  with  those  for  the  spinning  case.  L/D 
=  0.5  still  appeared  to  be  the  closest  estimation  of  the  transition  point  based  on  the  data. 

The  thrust  percent  decrease  over  these  five  angles  of  attack  varied  from  1.5%  to  3.3%. 
Given  the  l%-2%  experimental  error,  as  described  in  Appendix  A,  the  thrust  decrease 
appeared  to  be  essentially  constant  over  the  angle  of  attack  range  tested.  A  similar 
conclusion  was  made  with  the  spinning  configuration. 

53.2  Non-Spinning  Normal  Force  and  Htching  Moment 

As  shown  in  Rgure  (5.12),  the  normal  force  coefficient  increased  with  rising  L/D 
just  as  it  did  for  the  free-spinning  case.  Although  the  Cn  values  were  small,  the  similarities 
with  the  spinning  configuration  were  clear.  Cn  increased  as  L/D  increased  and  then 
dropped  off. 

The  pitching  moment  was  the  most  repeatable  force  coefficient  for  the  non-spinning 
case.  As  presented  in  Figure  (5.13),  for  zero  and  positive  angles  of  attack.  Cm  followed 
nearly  the  same  trend  as  the  thrust  coefficient.  The  transition  L/D,  again,  appeared  to  be  in 
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the  vicinity  of  0.5  for  the  non-spinning  configuration.  The  change  in  Cm  ranged  from  - 
.0016  to  +.0014  which  was  nearly  identical  to  the  spinning  configuration  Cm  range  of  - 
.0016  to  +.0013. 

The  non-spinning  results  closely  paralleled  the  previous  results  of  the  free-spinning 
case.  The  force  variations  induced  by  changing  cavity  depth  followed  previous  base  cavity 
tests.  Rotating  the  body  also  appeared  to  have  no  effect  on  the  transition  L/D.  The  most 
basic  conclusion  to  be  drawn  was  that  base  cavity  effects  have  similar  consequences 
whether  on  spinning  or  non-spinning  axisymmetric  bodies.  These  results  would  seem  to 
suggest  that  base  cavity  effects  could  be  studied  on  a  non-spinning  axisymmetric  body  and 
the  results  applied  to  a  geometrically  similar  spinning  body. 
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Figure  5.11:  Non-Spinning  Thrust  Force  Cavity  Depth  Sweep 
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Figure  5.12:  Non-Spinning  Normal  Force  Cavity  Depth  Sweep 
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Figure  5.13:  Non-Spinning  Pitching  Moment  Cavity  Depth  Sweep 
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5.4  Oil  Row  Visualizations 


To  gain  better  insight  to  the  effect  of  a  base  cavity  on  the  flow  patterns  over  the 
model,  some  test  runs  were  conducted  with  surface  oil  flow  visualizations.  The  flow 
visualizations  had  three  goals;  to  discover  the  flow  patterns  inside  the  base  cavity,  to  see  if 
the  cavity  depth  affected  flow  around  the  outside  of  the  model,  and  to  determine  the  effect 
of  the  sting  on  the  flow  over  the  model. 

The  flow  visualizations  did  reveal  interesting  trends.  Even  at  ±9  deg.  angle  of 
attack,  no  clear  vortex  separation  over  the  body  appeared  in  the  oil  flow,  as  was 
hypothesized  in  Chapter  III.  The  sting  did  have  a  substantial  effect  on  the  flow  over  the 
bottom  of  the  model.  The  flow  was  uniform  around  the  rear  of  the  body  except  directly 
behind  the  sting.  The  flow  completely  separated  behind  the  sting  and  increased  in  velocity 
and  strength.  Rgure  (5.14)  depicts  the  oil  flow  patterns  behind  the  sting. 


Back  of 
Model 


Figure  5.14:  Model  Bottom  Oil  Flow  Patterns 

Behind  the  sting,  and  roughly  at  the  width  of  the  sting,  was  where  the  model  flow 
was  fastest  and  the  most  stable. 

The  flow  patterns  for  the  inside  of  the  cavity  were  difficult  to  interpret.  Flow 
patterns  remained  unrecognizable  until  L/D  reached  roughly  0.5  and  did  not  become  really 
clear  until  a  cavity  depth  of  over  1.0.  Despite  the  large  L/D,  the  oil  flow  was  most  visible 
up  to  half-way  into  the  cavity  (near  L/D  =  0.5).  Deeper  into  the  cavity  the  flow  motion 
lessened.  For  zero  angle  of  attack  the  cavity  flow  appeared  to  make  a  large  clockwise 
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motion  as  shown  in  Figure  (5.15).  Only  one  circulation  pattern  appeared  to  be  present. 
The  dots  show  the  points  where  oil  was  placed  and  the  arrows  show  the  path  of  travel. 


Rear  of  Model 


Figure  5.15:  Zero  Angle  of  Attack  Cavity  Flow 


At  -9°  the  oil  at  the  top  and  bottom  of  the  cavity  remained  stationary  while  the  flow  in 
between  moved  into  the  cavity  and  downward.  This  flow  is  shown  below  in  Figure 
(5.16). 


Figure  5.16:  Cavity  Flow  at  -9”  Angle  of  Attack 

This  flow  appeared  to  have  two  circulation  patterns.  The  flow  traveled  forward  and  down 
around  the  sides  of  the  cavity  and  flowed  up  and  back  from  the  bcMom  to  the  top. 
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The  flow  pattern  at  +7°  angle  of  attack  showed  inconclusive  results.  The  oil  flow 


pattern  is  drawn  below  in  Figure  (5.17). 


Rear  of  Model 


Figure  5.17:  Cavity  Flow  at  7°  Angle  of  Attack 

The  oil  flow  at  9  deg.  was  too  turbulent  to  get  any  results  so  the  flow  might  have  also  been 
very  turbulent  at  7  degrees.  The  oil  flow  visualizations  were  rather  awkward  for  this 
configuration  since  the  rear  of  the  model  had  to  be  removed  to  apply  the  oil  and  view  the  oil 
streaklines.  A  water  tunnel  study  with  a  clear  non-spinning  rear  section  would  facilitate  the 
flow  visualization  process. 

Flow  visualizations  were  conducted  on  the  outside  of  the  rear  section  for  several 
cavity  depths  and  angles  of  attack.  In  all  of  the  test  runs  no  noticeable  differences  occurred 
in  the  outside  flow  for  varying  cavity  depths.  This  tended  to  suggest  that  base  cavities  only 
affect  the  near  wake  flow  and  do  not  influence  the  flow  on  the  body  sides.  This  agreed 
with  Compton’s  conclusion  (6)  that  the  force  changes  were  due  to  mixing  rate  variations 
caused  by  circulating  airflow  in,  and  just  behind,  the  base  cavity.  Based  on  the  similarity 
with  base  cavity  effects  on  spinning  and  non-spinning  bodies,  as  indicted  by  the 
aerodynamic  data,  it  could  be  assumed  that  the  base  cavity  has  no  effect  on  the  flow  around 
a  spinning  configuration  either.  All  changes  in  the  aerodynamic  forces  resulted  form  the 
airflow  patterns  directly  behind  the  body. 
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Some  discrepancy  in  the  flow  patterns  and  those  described  by  Compton  might  have 
resulted  from  the  weak  airflow  over  the  body.  The  airflow  might  have  been  too  stagnant  to 
produce  the  co-flowing  streams  Compton  pictured.  The  flow  was  strongest  on  the  bottom 
directly  behind  the  sting.  The  strong  bottom  flow  may  have  forced  the  airflow  patterns 
shown  in  the  figure  above  to  form  when  a  co-flowing  stream  might  have  been  produced  if 
the  flow  was  more  uniform  around  the  body.  If  this  was  true,  it  could  explain  the 
magnitude  differences  in  the  force  changes.  This  model  configuration  only  produced  a 
reduced  mixing  rate  on  the  bottom,  as  opposed  to  Compton’s  premise  that  the  mixing  rate 
could  be  reduced  all  around  the  body  by  a  co-flowing  stream.  Compton’s  model  (6) 
possessed  a  long  sting  (approximately  half  the  body  length)  but  thinner  than  the  current 
model  (18%  of  the  body  diameter  as  opposed  to  41%). 
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VI.  Concinsions 


Through  a  comprehensive  investigation  of  the  effects  of  cavity  depth  on  a  spinning 
and  non-spinning  body,  some  general  conclusions  could  be  drawn. 

The  experiment  measured  maximum  drag  reductions  of  1-5  percent.  The  thrust 
coefficient  followed  the  patterns  of  most  previous  experiments,  in  that  increasing  the  base 
cavity  decreased  drag  up  to  a  certain  cavity  depth.  However,  this  model  did  not  come  close 
to  producing  the  thrust  reductions  of  1 1- 13  percent  achieved  by  Morel ,  Compton,  and  the 
STRIX  study. 

Increased  base  cavity  depth  did  not  effect  the  side  force  or  yaw  moment  to  any 
noticeable  degree  at  modest  angles  of  attack.  The  main  motivation  behind  applying  base 
cavities  to  wrap-around  fin  missiles  was  to  reduce  the  side  force/moment  associated  with 
the  configuration.  The  base  cavity  did  appear  to  have  a  measurable  effect  on  side 
force/moment  but  the  direction  of  change  was  not  always  advantageous  to  the  projectile’s 
stability. 

Base  cavity  trends  seem  to  be  similar  for  spinning  and  non-spinning  configurations. 
A  correlation  existed  between  the  spinning  and  non-spinning  force  plots.  Base  cavity 
effects  appeared  to  result  from  the  changes  in  the  near  wake  flow.  As  a  consequence,  the 
finned  and  spinning  configurations  produced  base  cavity  effects  similar  to  the  non- 
spinning,  non-finned  configuration.  The  analogous  trends  between  the  two  bodies  suggest 
that  tests  may  be  performed  on  non-spirming  cases  with  the  results  applicable  to  spinning 
configurations.  This  would  facilitate  a  more  detailed  mapping  of  the  cavity  flowfield 
through  the  use  of  pressure  taps  in  the  cavity,  or  a  pressure  rake  in  the  near  wake  flow. 

The  transition  ITD  for  this  configuration  and  set-up  appeared  to  be  in  the  vicinity  of 
0.5.  This  agreed  with  the  STRIX  results  but  not  with  the  others,  suggesting  that  the 


transition  L/D  value  is  configuration  dependent.  As  can  best  be  determined,  angle  of  attack 
had  little  or  no  influence  on  the  transition  L/D  value  for  up  to  ±5  deg.  angle  of  attack. 
Presumably  then,  projectiles  could  be  optimized  for  low  drag  by  employing  a  cavity  depth 
equal  to  the  transition  L/D  and  not  be  penalized  at  off-design  angles  of  attack. 

The  flow  visualizations  did  not  reveal  a  flow  pattern  similar  to  that  Compton  had 
surmised  (6).  No  co-flowing  stream  was  observed.  On  the  contrary,  at  zero  angle  of 
attack,  one  large  circulatory  pattern  was  witnessed  and,  at  negative  angle  of  attack,  two 
circulatory  patterns  were  seen.  The  flow  visualizations  implied  that  the  mixing  rate  would 
only  be  decreased  along  the  lower  portion  of  the  body.  Although  it  was  difficult  to 
determine  if  the  weak  flow  over  the  body  inhibited  a  co-axial  stream  from  forming,  this 
would  seem  to  represent  a  possible  source  of  the  disparity. 

Configuration  differences  may  account  for  a  measure  of  the  discrepancy  between 
this  experiment  and  the  others  conducted.  The  sting  was  shown  to  speed  up  the  flow  under 
the  body  in  two  streamlines  directly  behind  it.  The  accelerated  flow  underneath,  combined 
with  possible  weak  flow  around  the  rest  of  the  body,  could  have  caused  the  observed 
circulatory  patterns  to  form.  Previous  axisymmetric  base  cavity  experiments  also  employed 
side  mounted  stings  but  no  documentation  regarding  the  sting  effect  were  provided. 
Compton’s  sting  was  over  half  the  length  of  the  body  but  the  width  was  about  18%  of  the 
body  diameter  and  the  STRDC  report  makes  no  mention  of  its  sting  size  (6). 

It  is  possible  that  base  cavity  effects  are  extremely  configuration  dependent  Many 
factors,  such  as,  outside  flow  characteristics,  spin  rate,  surface  roughness,  cavity  to 
outside  diameter  ratio  could  all  play  a  part  in  affecting  the  body  forces.  If  base  cavity 
effects  are  easily  reduced  by  certain  body  configurations,  its  practicality  to  widespread 
could  be  rather  limited. 
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VM  Recommendations 


Although  trends  in  this  experiment  have  been  documented,  the  exact  nature  of  base 
cavity  flow  is  still  a  subject  of  theory.  Several  things  could  help  future  base  cavity 
investigations. 

•*« 

1.  A  major  problem  with  the  experiment  was  that  the  forces  were  much  lower  than 
anticipated  and  the  maximum  error  involved  turned  out  to  be  near  the  same  order  of 
magnitude  as  the  base  cavity-induced  change  in  forces.  A  larger  model,  and 
correspondingly  larger  forces,  would  greatly  ease  the  interpretation  of  the  data  and  would 
probably  allow  the  transition  L/D  values  to  be  more  accurately  identified.  In  this 
experiment,  the  size  of  the  sting  was  determined  by  the  balance  size.  The  same  size  balance 
on  a  larger  model  could  reduce  the  non-uniform  flow  witnessed  behind  the  sting. 

2.  A  clear  axisymmetric  non-spinning  body  through  which  to  observe  the  flow  rotation  in 
the  cavity  would  greatly  aid  in  the  characterization  of  the  cavity  flow. 

3.  To  help  discover  base  cavity  effects  on  rotating  bodies,  a  pressure  rake  could  employed 
behind  the  body  to  better  analyze  the  flow  structure. 

4.  A  non-spinning  body  could  be  instrumented  with  pressure  taps  to  quantify  the  pressure 
rise  associated  with  base  cavity  effects  in  and  around  the  base  of  the  body. 

5.  Base  cavity  effects  appear  to  be  very  dependent  on  the  body  configuration.  Another 
possible  study  could  be  the  effect  of  base  cavity  depth  with  different  cavity  to  outside-body 
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diameter  ratios.  As  stated  previously,  the  base  cavity  effect  appears  to  be  dependent  on  the 
near  wake  flow.  Since  the  cavity  depth  affects  body  side  force,  the  rotation  rate  of  the 
cavity  flow  may  alter  the  mixing  rate  in  the  near  wake  and  subtract  from  the  body  Magnus 
force.  With  the  Magnus  force  dependent  on  the  rate  of  rotation,  the  body  spin  rate  is 
another  parameter  to  consider  while  investigating  base  cavity  effects. 


7-2 


Appendix 


A.l  Error  Analysis 

With  all  experiments  there  are  errors  occurring  during  every  aspect  of  the  process. 
While  every  error  cannot  be  accounted  for  and  negated,  it  is  important  to  make  a  tabulation 
of  the  tangible  errors  to  determine  the  credibility  of  the  results.  To  determine  the  most 
probable  error  of  the  combined  system,  the  individual  sensitivities  must  be  accounted  for 
and  added  together  as  shown  in  reference  (9). 


Most  errors  associated  with  the  system  are  random,  however,  the  nature  of  this  experiment 
permits  possible  biased  errors  caused  by  the  operator. 

The  atmospheric  pressure  was  read  off  a  mercury  barometer.  The  error  related  with 
it  is  one-half  of  the  smallest  gauge  increment  or  ±0.0013  meters  mercury.  Similarly,  a 
digital  temperature  gauge  possesses  an  error  of  ±0.5°.  The  cavity  depth  was  measured 
with  a  small  ruler  with  an  estimated  error  of  ±0.076  cm. 

The  ABLE  CORPORATION  determined  the  balance’s  error  to  be  no  more  than 
03%  of  the  applied  load  (4).  During  the  balance  calibration  several  unmeaserable  errors 
can  add  to  the  initial  error  of  the  balance,  such  as,  room  temperature  fluctuations,  swaying 
load  pans,  as  well  as  instrumentation  inaccuracies.  The  calibration  accuracy  was  checked 
for  each  gage  by  placing  weights  on  the  load  pan.  The  highest  error  of  ±0.044  N  occurred 
in  the  N2  gage  for  a  1 . 1 1  N  force. 

The  wind  tunnel  manual  fails  to  list  any  associated  errors  with  the  test  section  static 
pressure  readings.  However,  the  test  section  pressure  calibration,  the  voltages  were 
crudely  read  off  the  turmel’s  velocity  digital  indicator  for  different  pressures  induced  by  a 
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pressure  transducer  and  vacuum  measurement  system.  The  error  for  the  system  is  given  at 
±lmV. 

Digitization  errors  result  from  the  conversion  of  data  for  storage  and  processing. 
The  multifunction  I/O  board  possesses  a  precision  of  4.88  mV  for  an  input  of  range  of  -10 
to  +10  volts,  resulting  in  an  error  of  ±2.4  mV.  When  in  operation  the  system  was  noticed 
to  drift  over  long  periods  of  time.  On  occasion,  the  drift  was  up  to  ± I  mV  for  a  333  gain 
after  approximately  15  minutes.  The  inherent  drift  was  minimized  by  limiting  runs  to  under 
two  minutes  and  taking  wind-off  zeroes  before  each  run. 

The  model  mounting  has  drilled  holes  corresponding  to  individual  angles  of  attack. 
The  maximum  angle  of  attack  error  is  approximately  ±10  minutes.  Zero  yaw  angle  was 
attained  for  the  test  runs  by  centering  out  the  model  in  coordination  with  the  yaw  moment 
coefficient  indicator.  The  accuracy  of  the  zero  yaw  angle  is  difficult  to  assess  since  all 
previous  errors  are  carried  through  to  the  yaw  moment  coefficient.  With  the  system  setup 
exact  zero  yaw  angle  could  never  be  produced  and  the  yaw  moment  coefficient  usually 
varied  from  -0.002  to  0.002.  A  similar  situation  occurs  with  the  wind  off  zero  readings. 
For  zero  readings  20000  data  points  were  sampled  at  a  scan  rate  of  2400  Hz.  This  scan 
selection  produced  acceptable  results  in  a  couple  minutes  time,  but  the  zeroes  were  not 
perfect  and  could  vary  by  as  much  as  ±1  mV  for  any  gage. 

A. 2  Operator  Errors 

The  experimental  setup  required  a  constant  hands-on  interaction  with  the  model. 
The  base  cavity  depth  had  to  be  manually  increased  after  each  run  by  pushing  in  the  cavity 
plug.  It  became  inevitable  that  the  yaw  angle  would  be  altered  slightly  during  a  cavity 
sweep.  Since  no  clear  indication  exists  to  the  extent  of  operator-inflicted  error  it  must 
always  be  considered  a  possible  factor,  particularly  with  the  side  force  and  yaw  moment 
data. 
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A. 3  Error  Tabulation 


The  errors  listed  above  have  a  combined  effect  on  all  data  reduction.  To  determine 
the  overall  effect  on  the  system’s  accuracy  the  errors  are  summed  up  for  a  set  of  run  values. 
The  run  values  chosen  are  on  the  low  end  of  possible  so  that  the  errors  will  be  of  the 
highest  percentage.  The  run  values  chosen  are  a 
Force-  1.112  N 

Temperature-  18.3  °C 
Pressure  -  711  mm  mercury 

Velocity  -  59. 1  m/s 

For  a  load  of  1.1 12  N  the  voltage  for  the  N2  gage  would  be  0.02015  with  an  error 
of  ±.0025  volts  by  adding  the  initial  balance  and  digitization  error.  Assuming  the  N 1  gage 
has  the  same  error  as  the  N2  gage  the  combined  error  would  be  ±.005  volts  or  converted 
into  forces  ±0.276  N. 

In  calculating  the  dynamic  pressure  the  barometric  pressure  and  room  temperature 

are  entered  into  the  calculations  and  converted  into  correct  units. 

pressure  (711  ±0.0013)  *1333 

^  ISl  *  {temperature)  287*  (291.3  ±0.5)  (A.2) 

The  error  for  pressure  and  temperature  uncertainties  are  ±0.00389  kg/m^  ±1.196x10'’  K, 
respectively.  This  combined  error  is  ±0.0039  for  a  density  of  1.13  kg/m’. 

The  velocity  carries  with  it  an  error  of  ±0.046  m/s  from  the  pressure  system  error. 
For  a  velocity  of  59.1m/s: 

^  - 1  pV"  -  (0.5X  1 . 13  ±  0.0039X59. 1  ±  0.046)^  (A.3) 

The  density  and  velocity  errors  combine  to  produce  an  error  of  ±37. 1  for  a  dynamic 
pressure  of  1963.1  N/m’.  The  gage  error  comes  back  into  play  when  the  force  coefficient 
is  calculated. 
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(A.4) 


^  Force  1 . 1 1 2  ±  0.276 

"  q*  area  “  (1963. 1  ±37.1) *0.0043 

The  combined  error  for  this  analysis  comes  out  to  be  ±3.5%. 

The  above  analysis  is  a  worst  case  scenario  and  is  assumed  to  be  high.  Many  of  the 

error  will  undoubtedly  cancel  each  other  out.  The  actual  fluctuations  in  force  coefficients 

witnessed  during  the  test  runs  were  mostly  under  3.0%  for  the  maximum  deviation  and 

around  1.0%  for  the  standard  deviation.  These  fluctuations  take  into  account  all 

unmeasurable  uncertainties,  such  as  tunnel  turbulence  and  model  vibration. 
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